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(57) Abstract: An active needle device (10) for fluid in- 
jection or extraction includes at least one hollow elongated 
shaft (11) defining at least one channel (12). The channel 
(12) provides communication between at least one input 
port (15) and at least one output port (16) of the needle 
device (10). At least one active component (17) such as a 
sensor or actuator is placed or integrated into the elongated 
shaft (1 1). The needle device (10) can include a macronee- 
dle, a microneedle (21), or an array of macroneedles or mi- 
croneedles (25a). The microneedles (21) can be fabricated 
on a substrate (26) which can remain attached to the mi- 
croneedles (21) or be subsequently removed. The active 
component caii facilitate biochemical, optical, electrical, 
or physical measurements of a fluid injected or extracted 
by the needle device (10). 
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ACTIVE NEEDLE DEVICES WITH INTEGRATED FUNCTIONALITY 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates generally to needle devices for the injection and 
extraction of fluids. More specifically, the present invention relates to active needle 
devices such as macroneedles, microneedles, and macroneedle or microneedle airays 
which have one or more active components providing additional functionality to the 
needle devices. 

2. Relevant Technology 

Micro instrumentation is a rapidly growing area of interest for a broad 
spectrum of applications. One particularly &st growing area is biomedical 
instrumentation where significant cflforts are being made to develop micro 
biochemical analysis systems, physiological analysis systems, and drug delivery 
systems. A yaiiety of manufacturing technologies are used to fabricate these micro 
systems, many of which are categorized under die set of technologies known as 
micrpmachining. The number of biomedical appb'catious for micromachining 
technologies is rapidly growing. Since micromachining technologies are relatively 
new, there is an increasing set of manufacturing techniques and critical applications 
still to be addressed. 

It is well known that needles are used to extract samples of substances from 
living tissue in order to analyze the substances for diagnostic purposes, or to deliver a 
drug or medicament. The majority of needles in use today are macroneedles, which 
have a relatively large diameter as compared to a blood cell and are on the order of 
millimeters (mm). 

In many areas of biotechnology and medicine, th^e exists the need for fluid 
injection or extraction on a microscalc; either for injection into a precise location; or 
for injecting or extracting small amounts of fluid. It is advantageous to be able to 
perform these injections or extractions with a minimal amount of tissue damage, and 
also with a minimimi amount of discomfort and pain to patients. Microneedles and 
microneedle arrays are capable of perforaiing these tasks. For example, microneedles 
and microneedle airays can be used as precise injeGtion/extraction needles in cell 
biology, as injection/extraction heads in a drug delivery system or microchemical 
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factory, and as injectioc/extraction heads in microsurgery. Some of the smallest 
hollow needles that are currently available have inner diameters of over 200 [mi. 
Prior micro-sized (sizes on the order of microns, where 1 micron = 1 = lO'^m) 
needles include fliose disclosed in U.S. Patent No. 5,457,041 to Ginavea et al,, and 
U.S. Patent No. 5,591,139 to Lm et al. 

For some q>plications, it is desirable to inject small amounts of fluid; 
however, in other situations, larger amounts of fluid are required to be injected. Most 
of the prior systems do not have the capability to transmit larger amounts of fluid into 
a precise location. One of the methods used to address this problem is to fabricate an 
anay of needles, as in U.S. Patent No. 5,457,041 referred to hereinabove, which 
discloses an array of microneedles of about 20 needles by 20 needles, wherein the 
length of the needles is between lO.and 25 microns, and the spacing between needles 
is between about 5 and 20 microns. 

In U.S. Patent No. 5,591,139 referred to above, silicon-based microneedles are 
disclosed which are fabricated using mtegrated circuit processes. Various devices 
such as microheatCTS, mircrodetectors, and other devices can be fabricated on the 
microneedle. 

Problems with prior ntiicroneedles include relatively poor mechanical 
durability. This is mainly due to the feet that such microneedles have been made out 
of etched silicon or out of chemical vapor dq)osited polysilicon, both of which have a 
tendency to be brittle and break easily. 

In some cases, it is desirable to analyze the fluids being injected or extracted 
by the xmcroneedle(s). Prior microneedles generally have been separate fix>m the 
systems used to analyze (chemically, optically, or othCTwise) the fluids, hi these 
cases, haviag a separate anal^^s system can require additional equipment and is 
costly, complex, and inconvenient. 

It would therefore be of substantial interest to develop a durable needle device 
which is capable of injecting or extracting precise quantities of fluids into specific 
locations with a minimal amount of tissue damage, and which has integrated sensing 
c^abilities. 

SUMMARY OF THE INVENTION 

Active needle devices of the present invmdon have integrated functionalities 
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such as biochemical, electrical, or optical sensing capabilities. The active needle 
devices can be active macroneedles or microneedles, as well as active macroneedle or 
microneedle arrays, which incorporate biosensors therem such as for monitoring 
metabolic levels. 

hi one embodiment of the invention, an active needle device for fluid injection 
or extraction includes at least one hollow elongated shaft defining at least one channel . 
therethrough. The chaimel provides communication between at least one input port 
and at least one output port of the needle device. At least one active component such 
as a sensor or actuator is placed or integrated into the elongated shaft. The needle 
device can be a macroneedle, a microneedle, or an array 'of macroneedles or 
microneedles. The microneedles can be fabricated on a substrate which can remain 
attached to the microneedles or can be siubsequently removed. The active component 
can facilitate biochemical, optical, electrical, or physical measurements of .a fluid 
injected or extracted by the needle device. 

Two- or three-dimensional microneedle arrays can be constructed having 
crossrcoupling flow channels that allow for pressure equalization, and balance of fluid., 
flow within the microneedle arrays. A plurality of mechanical support members can 
be integrated into the arrays for stability and to control the penetration depth of the . 
microneedles. In addition, an active microneedle .or microneedle anay may include 
various functionalities such as integrated biochemical sensors, as well as electrical, 
optical, or mechanical transducers and sensors. The sensors reduce or eliminate the 
requirement for additional external analysis equipment and enhance ov^all device 
portability, disposability, and compactness. 

The active microneedle and microneedle arrays of the invention are 
particularly useful for fluid extraction and analysis. In one embodimerit, an active 
microneedle or microneedle array includes biochemical sensing reagents which are • 
deposited on an iimer surface, of the microneedle(s), with a window provided on a 
surface of the microneedle(s) for the detection of bioluminescence which occurs in the 
presence of certain metabolic substances. 

A method of fabricating an active microneedle device according to the present 
invention includes providing a substrate with a substantially planar surface and 
depositing a metal material on the planar surface to form one or more bottom walls 
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for one or more microneedles. A top surface of the bottom walls is coated with a 
photoresist layer to a height corresponding to a selected inner height of a 
microchannel for each of the microneedles. A metal material is then deposited to 
form side walls and a top wall upon the bottom walls and aroimd the photoresist layer. 
The photoresist layer is then removed fiom each microchannel to form the 
microneedles. The microneedles can be released from the substrate and used 
independently of the substrate, if desired. 

The method of fabricating the active microneedle device can include p^ etch- 
stop membrane technology, anisotropic etching of siUcon in potassium hydroxide, 
sacrificial thick .photoresist micromolding technology, and micro-electrodeposition 
technology. For a biochemical luminescence sensing microneedle device, certain 
biochemical sCTsing reagents can be drawn into and dried onto the inner walls of the 
hollow needle(s). 

The active needle devices of the invention have the advantage of permitting 
real-time analysis of a fluid being sampled In addition, the array of active 
• microneedles are capable of injectiug or extracting relatively large quantities of fluids 
with Tnini'inal tissue damage and can be readily attached to a standard syringe. The 
array of active microneedles or a single active microneedle can also be easily and 
economically fehricated. Yet another advantage of the array of active microneedles 
or a single active microneedle is a high degree of mechanical durability. 

These and other features of the present invention will become more fully 
apparent &om the following description, or may be learned by the practice of the 
invention as set forth hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

In order to more fuUy understand the manner in which the above recited and • 
other advantages of flie invention are obtained, a more particular desoiption of the - 
invention briefly described above will be rendered by reference to specific 
embodiments thereof which are illustrated in the appmded drawings. Understanding 
that these drawings depict only typical embodiments of the invention and are not 
therefore to be considered limiting of its scope, the invention will be described and 
explained with additional specificity, and detail through the use of the accompanying 
drawings in which: 
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Figure lA is a schematic r^resentation of a single active needle device 
according to the present invention; 

Figure IB is a schematic representation of a portion of a single active needle 
device in the form of a microneedle according to one embodiment of the presedt 
invention; 

Figures 2A and 2B are schematic depictions of multi-lumen active 
microneedles according to alternative embodiments of the present invention; 

Figure 3 is a schematic representation of microneedles in a two-dimensional 
array according to a further embodiment of the present invention; 

Figure 4 is a schematic representation of microneedles in a two-dimensional 
array according to another embodiment ofthe present invention; . . . 

Figure 5 is a schematic representation of microneedles in a two-dimensional 
array according to another embodiment of the present invention; 

■ 

Figures 6A-6B are schematic depictions of single-limien active microneedle 
arrays according to alternative embodiments of the present invention; 

Figures 7A-7B are schematic depictions of multi-liunen active microneedle 
arrays according to alternative embodiments of the present invention; 

Figures 8A-8F schematically depict the fabrication process sequence fbr: 
forming a microneedle array; 

Figure 8G depicts an embodiment of a multilumen microneedle formed 
according to the present invention; 

Figures 9A and 9B depict alternative methods of assembling two-dimensional 
needle arrays into three-dimensional needle array devices; 

Figure 10 is a schematic depiction of a pressure sensor in an active 
microneedle according to the inv^tion; 

Figure 1 1 is a graph of the nonnalized bioluminescent signal as a function of 
glucose concentration; 

Figure 12 is a graph of the normalized bioluminescent signal as a function of 
time for several different concentrations of creatine; 

Figure 13 is a graph of the nonnalized bioluminescent signal as a function of 
creatine concentration; and 

Figure 14 is a graph of the average CCD counts as a function of volume for 
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different sample volumes. 

DETAILED DESCRIPTION OF THE ENVENTION 
* The present invention is directed to active needle devices, such as 
macroneedles, microneedles, and macroneedle or miCToneedle arrays, which have one 
or more active components incoiporated therein providing additional functionality to 
the needle devices. An active needle device according to the invention generally 
includes at least one hollow elongated shaft - defining at least one channel 
therethrough. The channel provides communication between at least one iz^ut port 
and at least one output port of the needle device.- At least one active component such 
as a sensor or actuator is placed or integrated into the elongated shaft The active 
component can facilitate biochemical, optical, electrical, or physical measurements of 
a fluid injected or extracted by the needle device. The active component also reduces 
or eliminates the requirement for additional external analysis equ^ment, and 
enhances the overall device portabiUty, disposability, and compactness. 

Referring to the drawings, wherein like structures are provided with like 
reference designations. Figure lA is a schematic r^resentation of a single active 
needle device 10 according to one embodiment of the present inventioa The needle 
device 10 includes a hollow elongated shaft 11 defining a single channel 12 fi-om a 
proximal inlet end 13 to a distal tip end 14 which is tapered. One or more input ports 
15 are located at the proximal inlet end 13. of elongated shaft 11 and one or more 
output ports 16 are located toward the distal tip end 14. The channel 12 provides 
conmiunication between input ports IS and output ports 16. 

The needle device 10 can be either a macroneedle or a microneedle, dq}ending 
on the configuration of elongated shaft 11 defining chaimel 12. A "macroneedle" as 
used herein means any conventional type needle used to inject or extract fluids, such 
as conventional metallic needles used in medical applications. A "microneedle" as 
used herein means any micro-sized needle which can be generally fabricated by 
micromachining techniques. 

At least one active component 17 is placed or integrated directly in elongated 
shaft 11. The active component 17 can include one or more electronic components, 
electromechanical components, mechanical components, biochemical components, or 
various combinations thereof. These components can be configured to form one or 
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more sensors, actuators, or combinations thereof. For example, the s^ois can be a 
biosensor, such as a biolun}inescenc&-ba5ed biosensor, which is discussed in further 
detail hereafter, microdetectors, optical pressure sensors, DNA analyzer chips, and the 
like. The actuators can include electromechanical components for fluid manipulation 
such as nucropumps,.microvalves, or the like. In addition, active component 17 can 
include an integrated circuit chip, an optical detector, other electrical based 
components, impedance analyzers (e.g., integrated resistance, inductance, and 
capacitance sensors), transducers, and the like. A transducer can be used for detection 
of flmd parameto^.such as flow velocity, temperature, pressure, etc. The active 
component 17 can facilitate one or more biochemical, opticaI,»electrical, or physical 
measurements or other analyzing functions for a fluid injected or extracted by needle 
device 10. 

The active component 17 can be interfaced electronically with conventional 
analyzing equipment or can be a stand alone device. Ih addition, the active - 
component 17 may be &bricated independently of the needle device and subsequently 
placed therein, or may in some cases be fabricated at the same time as the needle 
device. If fabricated independently, &e active component can be made on separate 
chips, which can be affixed to an internal surface of the needle or substituted for part 
of a wall of the needle. Additional details related to active component 17, including 
specific embodiments thereof, are discussed below. 

The active component 17 allows the needle device to provide real-time 
analysis of a fluid being sampled such as in a blood analysis system. For example, 
blood can be analyzed by an on-chip amplifier, such as a blood analysis amplifier, and 
an A/D converter which converts an analog signal to a digital signal for transmission 
to a computer for real-time computer analysis. 

When needle device 10 is configured as a single microneedle, elongated shaft 
1 1 generally includes a bottom wall formed by a solid layer 19, and oppodng side 
walls connected by a top wall which are formed by a hollow layer 20, as shown in 
Figure IB. These bottom, side, and top walls define channel 12 in .the form of a 
microchannel with a transverse cross-sectional profile that is substantially rectangular. 
The microneedle optionally has a flange 18 at proximal inlet end 13 (Figure lA) 
which functions as a structural support for the microneedle. The flange iS can control 
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penetration depth and can be used to mechanically fix the microneedle to a surface 
that is penetrated. The input ports 15 located at proximal inlet end 13 and output 
ports 16 are formed in one or more of the bottom wall, side walls, or top wall of the 
microneedle. The input ports 15 and output ports 16 in the microneedle can be 
formed by conventional fabrication processes such as etching. Figure IB shows 
active componOTt 17 such as a biosensor adjacent to output ports 16. 

The microneedle can be fabricated by micromachining techniques fiom a 
variety of metallic materials such as nickel, copper, gold, silver, platinum, palladium, 
titanium, chromium, alloys thereof, and the Uke, as well as oth«r materials such as 
silicon, polysilicon, ceramics, glass, carbon black, plastics, composites thereof, etc. 
In one embodiment, the microneedle is fabricated from a non-silicon material such as 
any of the above metallic materials using the micromachining techniques discussed in 
further detail below. The microneedle can be fixed on a substrate where &bricated or 
can be removed from a substrate after fabrication* 

Figures 2A and 2B are schematic depictions of multi-lumen active, 
microneedles according to alternative embodiments of the present invention. Figure 
2A illustrates a dual-lumen active microneedle 21 which is constnicted in a similar 
manner as the microneedle of Figure IB, having an elongated shaft 1 1 mcluding a 
bottom wall formed by a solid layer 19, and opposing side walls connected by a top 
wall which are formed by a hollow layer 20. The hollow layer 20 is configured such 
that microneedle 21 has two microchannel members 22a and 22b each with a lumen 
therein and each with corresponding inputs 23a and 23b. One or more active 
components. 17 such as biosensors are located in each of microchannel members 22a 
and 22b. 

Figure 2B illustrates a tri-lumen active microneedle 24 which is constructed in 
a similar manner as. microneedle 21. The microneedle 24 has an elongated shaft 11 
including a bottom wall formed by a soUd l^er 19, and opposing, side walls 
connected by a top wall which are fomied by a hollow layer 20. The hollow layer 20 
is configured such that microneedle 24 has three microchannel members 22a, 22b, and 
22c therein, each with corresponding inputs 23a, 23b, and 23c. One or more active 
mmnonents 17 such as biosensors are located in each of microchaimel members 22a, 
22b, and 22c. 
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The multi-lumen active microneedles according to the present invention allow 
two or more different fluids to be delivered by the microneedle, which are mixed just 
before delivery. The multi-lumen active microneedles can also be used to separately 
distribute an extracted fluid for multiple analyses. 

Figure 3 is a schematic depiction of an active microneedle array 2Sa 
according to another embodiment of the invention. The microneedle array 2Sa is 
formed in a two-dimensional configuration on a substrate 26 having a substantially 
planar upper surface 27. The substrate 26 is preferably composed of a semiconductor 
material such as silicon, although other materials can be employed such as glass, 
metals, ceramics, plastics, and. composites or combinations thefeof. 

A plurality of hoUow microneedles 28 are formed on upper surface 27 of 
substrate 26. The microneedles 28 each have a bottom wall, two opposing side walls, 
and a top wall that define a microchannel therein. Each bottom wall is fonned 
partially on upper surface 27 of substrate 26. The microneedles 28 each have one or 
more input ports 15 at a proximal end thereof A distal portion of each microneedle 
28 including the microchazmels extends beyond an edge of upper surface 27 of 
substrate 26 in a cantilevered maimer and terminates in needle tips 29 which can have 
a channel opemng tiierein. Li additiozs, one or more outlet ports 16 can be located 
adjacent to needle tips 29. The microneedles 28 are preferably aligned substantially 
parallel to each other on substrate 26. One or more active conq^onents 17, such as 
biosensors or other sensing or actuating devices as discussed above, are located in 
each of microneedles 28. 

The microchaimels in the'microneedles 28 are preferably dimensioned to have 
a width between sidewalls of less than about 100 fmi, and more preferably about 0 fun 
to about SO |im. When the width is zero between the sidewalls, the microneedles 28 
effectively become one multilumen microneedle with a plurality of microchannels, as 
shown in Figures 2A and 2B. The height beUveen the top and bottom walls of the 
microchannel is also preferably less than about 100 fim, and more preferably about 2 
^m to about SO The length of each microneedle can be from about 0.05 fun to 
about 5 mm, and the width of each microneedle can be finom about O.OS fmi to about 1 
mm. The Genter-to-center spacing between individual microneedles can be from 
about SO fxm to about 200 fim. The microneedles can also withstand flow rates of up 
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to about 1.5 cc/sec. 

The microneedle length extended from substrate 26 can be varied fix>m less 
than about 50 [im (subcutaneous) to several millimeters for fluid delivery/extractioiL 
For example, the distal end of each microneedle 28 can extend beyond die edge of 
substrate 26 a distance firom about .10 \mi to about 100 mm. The imier cross-sectional 
dimensions of the microchannels in individual microneedles can range fix)m about 10 
fim to about 1 nun in width and from about 2 fun to about SO in height. 
Accordingly, the microchannd in each of the microneedles can have a cross-sectional 

2 2 

area m the range from about 25 pm to about SOOO \m . 

A needle coupling channel member 30 can be optionally formed on upper 
surface 27 of substrate 26 between microneedles 28. The coupling channel memba: 
30 has a bottom wall, two opposing side walls, and a top wall that define a coupling 
microchannel therein, which provides for fluid communication between the 
microchannels of each microneedle 28. The coupling channel member 30 also allows 

* 

for pressure equalization and balance of fluid flow between microneedles 28. 

Structural support members 31 can be formed on either side of coupling' 
channel member 30 on upper surface 27 of substrate 26. The structural support 
members 31 mechanically interconnect microneedles 28 to provide rigidity and 
strength to microneedle array 25a. The support members 31 also precisely control the 
penetration depth of microneedles 28. 

The microneedles 28,' coupling channel member 30, and support members 3 1 
can be formed fiom a variety of metal materials such as nickel, copper, gold, 

* 

palladium, titanium, chromium, alloys or combinations thereof, and the like, as well 
as oflier materials such as silicon, polysilicon, ceramics, glass, carbon.black, plastics, 
composites or combinations thereof, and the like. The microneedles 28 can be in fluid 
communication with a single fluid input device or with multiple fluid input device 
(not shown). 

An active microneedle array 25b according to an alternative embodiment of 
the invention is shown in Figure 4. The microneedle array 25b has a two-dimensional 
configuration with similar components as microneedle array 25a discussed above, 
except that the substrate has been removed bom the array. Accordingly, microneedle 
array 25b includes a plurality of microneedles 32 with microchannels that are 
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dimensioned as discussed above for microneedle airay 2Sa. 

The microneedles 32 each* tenninate at a needle tip 33 with a channel opening 
34 therein. A needle coupling channel member 36 with a coupling microchannel 
therein provides a fluidic interconnection between the microchannels of each 
microneedle 32. A pair of structural siqpport members 38 are formed on either side of 
coupling channel member 36 and interconnect with microneedles 32. One or more 
input ports 37 and output ports .39 can be optionally formed in microneedles 32. to 

m 

increase fluid input and ou^ut flow. The input ports 37 and output ports 39 can be 
formed in one or more of the bottom walls, side walls, or top walls of microneedles 32 
by conventional fabrication processes such as etching. * One or more active 
components 17, such as biosensprs or other sensing or actuating devices as discussed 
above, are located in each of microneedles 32. 

An active jinicroneedle array 40 according to another embodiment of the 
invention is shown in Figure 5. The microneedle array 40 has a two-dimensional 
configuration with similar components as microneedle array 25.b, except that 
microneedle array 40 is formed without a coupling channel member. Accordingly, 
microneedle array 40 includes a plurality of microneedles 32 with microchannels that 
are dimensioned as discussed above for microneedle anay 2Sa. The microneedles 32 
each tenninate at a needle tip 33 with a channel opening 34 therein. A pair of 
structural support members 38 interconnect with microneedles 32. One or more input 
ports 37 and output ports 39 can be optionally fonned in microneedles 32 to increase 
fluid input and output flow. One or more active components 17, such as biosensors or 

• • • • 

other sensing or actuating devices as discussed above, are located in each of 

• * 

microneedles 32. 

Figures 6A-6B and 7A-7B are schematic depictions of single and multi-lumen 
active microneedle arrays according to alternative embodiments of the present 
invention. An active microneedle array 42a is shown in Figure 6A having a two- 
dimensional configuration wi& similar components as microneedle array 2Sb 
discussed above. Accordingly, microneedle anay 42a includes a plurality of 
microneedles 32 each with single lumen microchannels 43. The microneedles 32 
each tenninate at a needle tip 33. A needle coupling channel member 36 with a 
coupling microchannel 44 therein provides a fluidic interconnection between 
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^ microchannels 43 in each microneedle 32. A structural siqjport member 38 
interconnects microneedles 32. One or more input ports 37 and output ports 39 are 
located in microneedles 32. One or more.active compon^ts 17 are located in each of 
microneedles 32. 

^ Another active microneedle amy 42b is shown in Figure 6B. The 

microneedle array 42b has a two-dimensional configuration wifli similar components 
as microneedle array 42a, excq)t that microneedle array 42b is formed without a 
coiq)Iing channel member. Accordingly, microneedle anray 42b includes a plurality 
of microneedles 32 each with single lumen microchannels 43. The microneedles 32 
each tenninate at a needle tip 33 and a stmctural support meiAber 38 interconnects 
microneedles 32. One or more input ports 37 and output ports 39 are located in 
microneedles 32, and one or more active components 17 arc located in each of 
microneedles 32. 

Figure 7A depicts an active microneedle array 45a having a two-dimensional 
configuration with similar conq)onents as microneedle array 42a discussed above, 
except that microneedle array 45a has a duel lumen microchannel configuration. 
Accordingly, each microneedle 32 in array 45a is constructed to have a pair of 
microchannels 46a and 46b, A needle coupling channel member 36 with a coupling 
microchannel 47 therein provides a fluidic mterconnection between microchannels 
46a and 46b in each microneedle 32. One or more input ports 37 and output ports 39 
are located in microneedles 32, and one or more active components 17 can be located 
in each microchannel of microneedles 32. 

Figure 7B depicts an active microneedle airay 45b having a two-dimensional 
configuration with similar components as microneedle array 42b discussed above, 
except that microneedle array 45b has a duel lumm microchannel configuration. 
Accordingly, each microneedle 32 in array 45b is constructed to have a pair of 
microchannels 46a and 46b. A structural support member 38 interconnects 
. microneedles 32, and one or more input ports 37 and output ports 39 are located in 
microneedles 32. One or more active components 17 can be located in each 

on 

microchannel of microneedles 32. 

In other alternative embodiments, active microneedle arrays can be fabricated 
to have additional microchannels in eadi microneedle. For example, each 
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microneedle in the array can have a tri-lumen channel construction such as shown for 
the microneedle of Figure 2B discussed above. 

It should be understood that- the above discussion related to microneedle arrays 
is equally applicable to macroneedles, which can be configured in various arrays. The 
macroneedle arrays can have similar structures as described above for the 
microneedle arrays such as single or multi*lumen channel configurations^ multiple 
input and output ports, structural support members, coupling chaimel members, and 
active components in the macroneedles. 

A method of fabricating a two-dimensional microneedle array according to the 
invention is depicted schematically in Figures 8A-8F. As shown in Figure 8A, a 
substrate 26 having a substantially planar surfiice 27 is provided, sudi as a silicon 
wafer which is polished on both sides. The wafer can have a thidaiess of about 1 fim 
to about 700 ^m, and is preferably about ISO )mi thick. One side of the wafer is 
heavily doped with boron using high temperature thermal difiiision in order to form a 
3-5 (im thick p+ layer. Next, silicon nitride (Si3N4) is deposited on both sides of the 
wafer using plasma-enhanced chemical vapor deposition (PECVD). The silicon 
nitride on the undoped side of the waf^ is patterned and etched employing photoresist 
as a mask, and then isotropic etching (a CF4 plasma fi>r example) is used to etch the 
exposed silicon nitride to define the area upon which .the microneedles are to be 
fiibricated. After pattemiag the silicon nitride layer, the exposed silicon is 
anisotropically etched using a potassium hydroxide (KOSQ solution. The p+ boron 
layer serves as an etch stop, resulting in a thin sacrificial membrane 32, as shown in 
Figure 8A. The sacrificial membrane 52 comprises the surfice upon which the 
microneedles are formed and then subsequently released as described below. 

Next, a metal system of adhesion layers and an electroplating seed layer are 
• deposited (by electron beam evaporation, for example) onto the insulatii^ silicon 
nitride film. The adhesion and seed layers are typically composed of, but not limited 
to, titanimn, chromium, copper, or combinations thereof. Then, using a mask of the 
appropriate dimensions and standard photolithographic techniques, this metal 
multilayer is patterned. A metal material is then electroplated to form one or more 
bottom walls 54 (e.g., about 20 pm thick) for the microneedles, as shown in Figure 
SB. Palladium is one preferred metal for the bottom wall ^ince it provides high 
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mechanical strength and durability, is corrosion resistant, provides biocompatibility 
for use in biomedical applications, and is easily electroplated to within precise 
dimensions. Other materials which fit the criteria mentioned could also be used 
equally well, such as copper, nickel, or gold. When performing flie electroplating, the 
bath chemistry and the electroplating conditions (such as amount of applied current 
and time in the electroplating bath) should be precisely controlled for- optimum 
results. The typical dimensions for bottom walls 54 are about 10-20 \m in thickness, 

and about SO jim wide. 

After bottom walls 54 have been formed, a commercially available thick 
•photoresist is deposited (eg., about 20 \un thick) and patterned using ultraviolet 
exposure and alkaline developer, resulting in sacrificial layers 56 as dq)icted in 
Figure 8C. Next, a metal seed layer such as gold is sputter deposited (e.g., about 800 
A thick) onto the photoresist sacrificial layers 56. The metal seed l^er serves as- an 
electrical contact for the subsequent metal electroplating. 

A metal layer such as palladium is then electroplated (e.g., about 20 fim thick) 
onto sjEicrificial layers 56 to fonri a plurality of side walls 58 and top walls 60 of each 
microneedle, as shown in Figure 8D. The exposed metal seed layer is then removed 
using wet etching techniques to expose the underlying photoresist. Once the metal 
seed layer has been etched, the wafer is placed in an acetone bath to remove the 
photoresist &om inside the microneedle structures, thereby producing a plurality of 
hollow microneedles 28, as shown in Figure 8E. 

In the final processing step, sacrificial membrane 52 is removed by an 
isotropic etching technique, such as reactive ion etching in a SF5 plasma. Thus, ttie 
microneedle ends are releaised &om sacrificial membrane 52 and are fieely suspended, 
projecting outward fi:om substrate 26, as depicted in Figure 8F and in the embodiment 
of Figure 3. 

Alternatively, the fabricating method outlined above can be used to fonn a 
multilumen microneedle by fomiing bottom walls 54 with zero spacing therebetween 
on substrate 26 and carrying out the remaining steps as described above. A resulting 
multilumen microneedle 62 with a plurality of microchannels 64 therein is sho\vn in 

Fisure ^G, 

In an alternative fabrication method, the microneedle array can be released 
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from substrate 26 following surface fabrication on substrate 26» such as for the 
embodiment shown in Figure 4. This method does not require sacrificial membrane 
fi>nnation or KOH etching. Instead; the needle arrays are released using wet etching 
of the seed metal from undemeadi the needle structures. If the seed metal is copper, 
for example, (hen this can be done by a selective etch of ammonium hydroxide 
saturated with cupric sulfate. 

Airays of two up to hundreds of microneedles can be easily and economically 
fabricated in a package with dimensions on the order of millimeters according to the 
above procedure. A single microneedle such as shown in Figure IB can also be 
fabricated according to the procedure outlined above. In additioii, instead of having 
the fluid outlet at the tips of the microneedles, fluid outlet ports can be etched into the 
side walls, top walls, and/or bottom walls of the microneedles if a larger amount of 
fluid transfer is desired. 

Using the above fabrication methods provides the flexibility to integrate many 
additional functions directly onto the microneedles. These fabrication methods are 
low temperature and are compatible with integrated circuit (IC) technology as a post 
process. For sample, various active components such as sensors, transducers, and 
electronic interfaces may be fabricated as integrated components on-chip during the 
needle fabrication process. An example of a procedure for fabricating a microneedle 
with on-chip devices such as* CMOS (complementary metal-oxide s^conductor) 
devices is disclosed in U.S. Patent No. 5,591,139 to Lin et al., the disclosure of which 
is incoiporated by reference herein. Alternatively, the active components may be in 
the fomi of prefabricated chips which are subsequently placed wiQiin the needle 
channels'. 

All of tfie needle devices including microneedles and arrays of the. present 
invention can be coated on the inside with biocompatible mat^als, such as silicon 
nitride, gold, plastics, etc., by conventional coating processes known to those skilled 
in the art. 

In addition, a \igjxt enhancing reflective coating can be formed on the inner 
siirfaces of the active needle devices defining the lumens th^ein. The reflective 
coating can enhance the light output generated during a bioluminescent reaction in a 
bioluminescent-based active needle to provide for more sensitive biosensing 
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capabilities. Suitable reflective materials that can be used to coat the inner surfices of 
the needle devices include silver, chromium, titanium, platinum, combinations 
thereof, and the like, hicreased light intensity has also bem observed for long narrow 
channels, which can be used to effectively design a bioluminescent-based micro- 
^ needle. Further details related to light enhancement of micro reaction chambers and 
long nairow (micro) channels are described in Bartholomeusz et al., 
•BIOLUMINESCENT BASED BIOSENSOR FOR POINT-OF-CARE 
DIAGNOSTICS," First Annual hitemational IEEE Conference on Microtechnology, 
Medicine, and Biology, Lyon, France, October 12-14, 2000, the disclosure of which is 
incorporated by referoice herein. 

Figures 9A and 9B depict alternative methods of assembling two-dimrasional 
needle anays into three-dimensional needle array devices. In the method depicted in 
Figure 9A, a plurality of two-dimensional microneedle arrays 70 are provided which 
have been released fiom a substrate as shown for the array of Figure 4. The 
microneedle arrays 70 are positioned in a stacked configuration with a pluralily of 
metaUic spacers 72 therebetween to define the distance between any two microneedle 
arrays in the stack. The stacked needle anray configuration is then subjected to flash 
electroplating to join microneedle arrays 70 with metallic spacers 72 in a fixed three- 
dimeiisional needle array device 74. The needle array device 74 can then be disposed 
in a machined interface structure 76, such as an acrylic interface, allowing connection 
to a dispensing means for injecting a liquid such as a syringe. 

In the method depicted in Figure 9B, a plurality of two-dimensional 
microneedle arrays 80 are provided on substrates 82 such as shown for the 
microneedle array of Figure 3. The microneedle arrays 80 are positioned m a stacked 
configuration, with substrates 82 acting as spacers between arrays 80, to define tfie 
distance betwera any two microneedle arrays in the stack. The stacked array 
configuration is placed in a mold 84 such as an aluminum mold for plastic injection 
molding. The stacked array configuration is then subjected to plastic injection 
molding. This bonds microneedle arrays 80 together with a plastic molding material 
86, thereby fomiing a fixed three-dimensional needle array device 88. The array 
device 88 can then be disposed in an interfece structure 76 allowing connection to .a 

9 

« 

dispensing device such as a syringe. 
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In another alternative method of assembhng two-dimensional needle airays 
into three-dimensional needle array devices, the two dimensional arrays are manually 
assembled under a microscope. The two-dimensional airays are stacked with spacers 
or with substrates on the arrays and are bonded together with a polymeric adhesive 
such as a UV-curable adhesive to form a three-dimensional needle airay device, 
which can then be disposed in an interface structure. 

The fabricated three-dimezisional needle aziay devices are typically 
dimensioned to have a length of about 5 mm, a width of about S mm, and a height of 
about 2 mm. 

The interface stnictures for connection to a syringe can Be made from a variety 
of plastic materials such as acrylics, polystyri:.;e, pi lyotL^icne, polypropylene, and 
the like. The inter&ce stmcture typically accommodates a thre&Klimensional needle 
array device having up to about 25 two dimensional airays. The intet&ce structures 
are bonded to the three-dimensional needle array devices with a polymeric adhesive 
such as a UV-curable adhesive. The interface stnictures are configured tp accept 
direct syringe connection via a connection means such as a conventional Luer-lock 
connector. Alternatively, interface structures can be formed- for a single two- 
dimensional array or a single microneedle so as to accqjt direct syringe connection 
via a connector such as a Luer-lock connector. 

In alternative embodiments of the invention, any of the above described airay 
embodiments can be fabricated as a slanted active needle array, with needles in tbs 
array having varying lengths. The slanted needle array allows for collection of 
interstitial fluid samples at different depths during sample acquisition fiom a patient 
Additionally, the slanted needle array allows for dispensing of medicaments into a 
patient at multiple depths throughout and breath the dermal layers of the skin* 

Further details regarding suitable microneedle and microneedle arrays suitable 
for use in the present invention are described in copending i^lication Serial No. 
PCT/US99/21S09, filed Septmiber 17, 1999, entitled "Sur&ce Micromachined 
Microneedles" and which is incorporated by reference herein. 

As discussed above, one or more active components such as a biosensor can 
be placed or integrated directly into the needle devices of the present invention. A 
biosensor is basically an analytical device that converts the concentration of an 
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analyte in a sample into an electrical signal by way of a biological sensing elem^t 
intimately connected with a transducer. A particularly suitable bios^or useful in the 
needle devices of the invention is a bioluminescence-based biosensor, which can be . 
employed in any of the above described embodiments. Such a biosensor can be 
^ formed by depositing biochemical sensing reagents on one or more inner waUs of a 
needle device. For example, various bisosensing reagents can be drawn into, and dried 
down onto flie inner walls of the hollow microneedle or microneedle anrays desaibed 
previously. Bioluminescence-based biosensors are particularly suitable, for 
monitoring metabolic levels, such as the level of creatine or glucose in blood. 
^ ^ Generally, bioluminescent detection of the biosensor output is performed at the ou^ut 

ports of the microneedle. 

Bioluminescence-based chemical analysis has the advantages of being 
substantially more sensitive than conventional chromogenic (absorbance) 
measurements and is known to be accurate over- a range of five or more orders of 
magnitude of concentration ranges. It is known that firefly bioluminescwice occurs 
by enzyme-catalyzed oxidation of luciferin utilizing adenosine triphosphate (ATP). 
Bacteria bioluminescence is closely coupled to nicotinaminde adenine dinucleotide 
hydride (NADH). Bioluminescent-based chemical analysis has the potential of 
measuring a wide range of metabolites Scorn smaller sample volumes. 

Since most metabolites in the body are within one or two reactions from ATP 
or NADH, they can be measured by coupling ottia enzyme reactions to an ATP or 
NADH bioluminescent reaction and measuring the light output. During the 
production or consumption of a metabolite of interest, ^izyme linked reactions will 
cause the production or consumption of ATP (or NADH) through the followmg 
bioluminescent platform reactions. 

The ATP platfomi is based on the firefly luciferase reaction: 

Firefly Lucifoase 

Luciferin + ATP ^CMudferin +AMP +CQ2 + PP + light (560nm). 
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The NADH platfoim reaction based on. NADHfMN oxidoreductase and Bacterial 
Luciferase: 



NADHiFMN Qxidoreduciasc 

5 NAD(P)H + fMN + H ^ NAD(P)+ +fMNH2 

bacterial luciferase 

FMNH2 + RCHO + O2 ► FMN+RCOOH + H2O + light (49.0 nm) 

20 Substrates are coupled to these platform reactions through ^the following generic 
leaction: - * 

substrate +ADP( or NAD(P)*) < > product + ATP (or NAD(P)IO 

The detected changes in Ught intensity (measured by various Ught detectors as 
J 5 described below) will be stoichiometrically proportional to the time changing 
concentration of the platform molecule (ATP or NADH) and thus proportional to the 
metabohte of interest. The bioluminescent platform reactions can be used to measure ' 
metabolites such as L-Phenylalanine, D-Glucose, L-Lactate, glucose 6-phosphate, 
glucose l-phosphate, UDP-glucose, UDP-galactose, lactose, alkaline phosphatase, 
20 galactose in solution, hunian blood (serum & plasma), sweat, and human milk. • 

■ 

The li^t produced in the bioluminescent platfonn reactions can be detected * 
by an optical detector such as a photodiode or charge coupled device (CCD). Such, 
photosensing devices can be integrated inside a microneedle to detect the light, or can 
be located externally and can be used to detect the luminescence through a window in 

25 a microneedle sur&ce. Depending on the instrument used to detect flie luminescence; 
nanomolar, picomolar or even femtomolar analyses are possible. Wifli increased - 
sensitivity, smaller amounts of sample fluid aro required for accurate analysis. A 0.05 
micro-liter sample size that can be drawn by the microneedles can pamlessly access 
small amounts of body fluid that can be analyzed via bioluminescence. 

3Q The transmittance of light through a medium across a certain length (I) is • 

specified through Beer*s law, r= 10*^*"'**""*, where Absorbance^ 6a.Cb(/-x), and ex is 
the molar absorption coetncient in dmvmoie-cm, and Cb is the concentraticn in 
mole/dm^. Assuming the light travels through a homogeneous medium along length 
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mole/dm^ Assuming the light travels through a homogeneous medium along length 
(0, the total transmitted light (7) can be expressed as: 

where exCb is assumed to be 1 for simplicity. For a pyramid (which is the shape of 
the etched wells of the <100> sihcon waf«s); where the peak depth of the pyramid is 
equal to the length (0 and the base width of the pyramid is (a), the transmittance is 
integrated through the viewing area and is equal to J/o/j/(/)»a /3. Thus, a hnear 
correlation of a volume versus integrated luminosity plot for a given viewing window 
should indicate a transmittance proportional to signal intensity (average CCD counts 
over the viewing area, for example). A flat bottom well with a reflective surfece will 

have a transmittance of Tuum* ^ ^ ^'^'> 

« l"^. Thus, the slope of a linear fit of volume versus -integrated luminescence 
intensity for a reflective surface of a giv«i viewing window diould be about twice 
that of a non-ieflective surface due to the increased transmittance. 

The enzymes suitable for use in the bioluminescent platform reactions of Ac 
biosensors are inherently robust and stable, retaining their activity after lyophilization, 
deposition, and rehydration. The reagent/enzyme mixture or "codctaii" used to detect 
various metaboUtes is drawn into flie needles after febrication, lyophilized (freeze 
dried) in a stable state, and then packaged for long torn storage (up to a year 
depending on the analytes, reagents, and enzymes needed). The reagent/enzyme 
mixture includes the ATP and NADH bioluminescent platfom aizymes and ttie 
enzymes that couple the metaboUtes to die platfwms, as well as all the necessary 
reagents needed to complete all the reactions fliat lead to the ligjit output 

The methods used for preparing and storing reagent/enzyme mixtures inside 
the bioluminescent-based active needle devices are discussed as follows. 

1 . Drawing of Reagent/Enzyme Mixtures into the Needle Lumen(s) 
The reagent/enzyme mixtures or "cocktails" are prq)ared as a "wef ' solution 
in the concentrations needed to detect the desired analytes ftom the sample volume 
drawn through the needle lumen. Anti-oxidants and ofha enzyme stabilizing agents 
are added to the "cocktail" before lyophilization. These enzyme-stabilizing agents are 
described below in the lyophilization procKS. 
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The prepared wet solutions are drawn into the needles by capillaiy action. 
The filling of the needles is ensured by oxidizing the lumen of the needle during the 
needle fabrication process (or at least using a hydrophilic metal for the lumen of the 

■ 

needle). Each needle lumen has a different "cocktail" for measuring different 
analytes. Reagents and j^izjnnie-stabilizing agents can be added to an agarose solution 

« 

which is dried during the lyophilization process and allows for the sample fluid to be 

drawn into the needle faster by capillary action. 

.* 

2. Lyophilization Process 

Lyophilization stabilizes enzymes for long-term storage by reducing both 

♦ * 

mechanical and chemical degradation. Appropriate stabilizing excipients and 
preservatives minimize the denaturation often observed during the processes of 
lyophilization. Optimized process variables include the initial concentration of 
enzyme, buffers that exhibit minimal changes in pH with freezing and drying, 
fi:eezing rate (should be slow), and various additives. 

The glass transition temperature of the amorphous phase of the lyophilized 
enzyme needs to &cceed the planned storage tempemture of the needle devices. Glass 
transition temperature of the lyophilized enzyme can be increased by using 
disaccharides and polymers (used in combination with disaccharides). Disaccharides. 
such as sucrose and trehalose are especially good at stabilizing the enzyme during 
freezing and dehydration. The sugar to protein weight ratio should be at least about 1 
to 1, although stability can be Airther increased with greater sugar (5 to 1 ratio). 
Reducing sugars such as glucose, lactose, maltose or maltodextrins should be avoidied 
because of their tendency to degrade proteins through the Maillaid reaction between 
the carbonyls of the sugar and the free amino groups of the protein. Furthermore, 
sur&ctants can be used to inhibit aggregation at v^ low concentrations, such as less 
that about 0.5% per volume. 

Antioxidants such as dithiotheitol and glutathione are used during 

• • • * 

lyophilization and subsequent storage to prevent oxidation of firefly luciferase due to 
sulfiiydryl groups. Bovine serum albumin can be used for sur&ce passivation. 
Polyethylene oxide (PEO)-based polymers and surfactants are also effective for 
surface passivation. Various enzyme preservation and stabilization cocktails are well 
known and widely used to maintain enzyme activity under dry storage conditions. In 
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^ one embodiment of the invention, bioluminescent reagents are preserved and 
stabiUzed with the foUowing components: (1) 0.45 M glycyl glycine buffer (pH 7.8); 
(2) 1 mM EDTA; (3) ImM dithiothreitol; (4) 10 mM MgS04; (5) 1 mg/ml of bovine 
serum albumin; (6) 1 wt% sucrose; and (7) 1 wt% Dextran T-40. It has been found 

^ that such a mixture is suitable for. stabilization of creatine kinase, a particularly 
delicate enzyme. 

The actual bioluminescent molecules (ATP, FMN, bacterial and firefly 
luciferase, Oxidoreductase, etc.) are added to the preservative reagents, mixed 
thoroughly and added to each channel of a pre-chiUed biosensor. la one prefened 
method, the biosensor and reagents are rapidly fiozen to about -TO'C followed by a 
two-stage lyophilization process. The first stage of lyophilization proceeds for 24 
hours at about -50°C and less than about 100 mTorr of pressure. The second stage of 
. lyophilization proceeds for an additional 24 hours at about +30''C and less than about 
100 mTorr of pressure. Air is then re-admitted to the lyophilization chambo* and the 
biosensors are removed. Each completed biosensor is flien stored in a black plastic 
container with a gas tight lid that also contains a desiccant and a humidity indicator 
membrane. It has been found that this method used with firefly luciferase can 
preserve more than half the enzymatic bioluminescoit activity for a minimum of six 
months. 

The interaction betweai histidioe and Hi** can also be used for immobilization 
of the enzyme. In biosensor appUcations, enzymes can be immobilized on a solid 
support to prevent diffusion (into the sample sohition) and minimize interferaice with 
other channels of the sensor. The performance of the sensor can be adjusted by 
changing the immobilized enzyme amount The recombinant aizymes witii BCCP 

IS I 

domains can tie immobilized through this interactionwith high afSnity (Ka=10 M" ). 
There are a variety of solid matrices that can be used for immobilization. 

Co-immobilization of sequentially operating enzymes improves total reactioii 
efficiency, leading to higher sensitivity. A coupled assay with coimmobUized 
luciferase and flavin reductase has the advantage that the FMNH2 produced fiom the 
flavin reductase can be used more effectively for the luciferase reaction, reducing its 
autobxidaiion. Traditions! immobilization mefliods use chemically conjugated 
enzymes on soUd materials, resulting in low immobilization efBciency and low and 
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inconsistent enzyme activity, due to nonspecific immobilization and surface-induced 
activity loss. 

In one method of the invention, a biotin-avidin system for protein 
hnmobilization is utilized, due to its high afSnity (Ka=IO^^/M) and stability. In 
another method, V. harveyi lucif«[ase and FRase I biotinylated is produced in vivo, 
the proteins are immobilized on avidin-conjugated beads, and the enzyme beads are 
used to assay NADH. In using this method, it has been found that the co-immobilized 
enzymes had eight times higher bioluminescence activity than the firee enzymes at low 
enzyme concentration and high NADH concentration. In addition, the immobilized 
enzymes were more stable than the free enzymes. This immobilization method is also 
useful to control enzyme orientation, which can increase the efficiency of sequentially 
operating enzymes like the oxidoreductase-luciferase system. 
3. Storage of Active Needle Devices 

Storing the bioluminescent-based active needle sensors with the lyophilized 
"cocktail'' in a desiccant wiU. ensure that glass transition temperatures of the 
lyophilized enzyme are greater than storage temperatures. The active needle devices 
should be stored in the dark to minimize photooxidation. 

Further details regarding bioluminescence-based biosensors as used in the 
present invention are set forth in the Examples section below. 

Another sensor that can be utilized in the needle device of the invention is an 
integrated pressure sensor in. the fonn of an optical Fabry-Perot cavity, which is 
depicted in Figure 10. The pressure sensor can be integrated into any of the above 
embodiments by forming a glass plate 120 on one interior surface 121 of a hollow 
microneedle. A cavity 125 is etched in glass plate 120 on the side of the sensor which 
is to be in proximity to the fluid flowing in the microchaimel of the needle. A thin . 
silicon diq)hragm 126 {e.g., about 25 microns thick) is affixed over cavity 125 and is 
configured to be in direct contact with a fluid whose pressure is to be measured. The 
diaphragm 126 deflects in response to applied pressure. A light beam 129 (e.^., 
produced by an LED) is coupled into the sensor through optical fiber 128. The optical 
fiber 128 optically communicates with the interior of the microneedle through a 
window 124 in the side of the microneedle. Pressure changes fiom fluid flowing past 
diaphragm 126 cause the diaphragm to move. The cavity 125 fimctions as a Fabry- 
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^ Perot cavity and the diaphragm reflects varying amounts of light intensity which is 
directly proportional to the amount of pressure applied to the diaphragm by the fluid. 
The reflected light can be coupled as a signal out 130 ttirough optical fiber 128 to an 
appropriate analyzing device for measurement. The change in reflected light can be 

^ measured and with proper calibration,* can provide ^ linear measurement of the 
amount of pressure in the fluid. 

The active needle devices of the invention such as the microneedle and 
microneedle arrays have many benefits and advantages. For fluid injection, these 

benefits include reduced trauma at penetration sites due to their small size, greater 

« 

freedom of patient movement because of the minimal penetration deptii of the 
needles, a practically pain-fiee drug deUvray due to tiie smaller cross section of tiie 
needle tip and distribution of fluid force, and precise control of penetration depth from 
needle extension lengtii. In addition, the microneedles have the ability to deliver 
drugs to localized areas, or extract fluids fix>m precise locations for analysis, and arc 
advantageous in their abihty to be stacked and packaged into a three-dimensional 
device for fluid transfix. The active microneedles have the ability to extract either 
large or small amounts of fluids in precisely controlled amounts, and can be easily 
and economically febricaled using micromachining procedures. 

The active microneedles also provide convenient and easy methods for 
performing electrical, optical, physical, or biochemical sensing in compact devices. 
The integrated sensing capabilities in the active microneedles provide compact, 
portable, and disposable flevices which are less cosfly and complex to use for analysis 
of fluid samples, and reduce or eliminate the need for supporting fluidic and 
electronic systems. 

The microneedles can be used in a wide variety of biomedical applications. 
The microneedles can withstand typical handling and can subcutaneously deliver 
medication without the usual discomfort associated wifli conventional needles. The 
microneedles are minimally mvasive, in that the miooneedles only penetrate just 
beyond the viable epidermis, reaching the c^illaries and minimizmg the chance of 
encountering and damaging the nenres present in the area of penetration. 

The following examples are given to illustrate the present invention, and are 

■ 

not intended to limit the scope of the invention. 
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^ Example 1 

A two dimensional micioneedle array was fabricated with 25 hollow 
microneedles fluidly interconnected by a needle coaling channel. The hollow 

microneedles were made such that their inner cross-sectional area was 40 x 20 \xm^ 

5 

(width by height) and their outer- cross-sectional area was 80 x 60 ^m^. The needle 
coupling channel was 100 ^ wide, and provided fluid communication between -each 

needle channel Two sets of 60 x 100 jun^ structural supports were located 250 ^m 

from each needle end. Each needle channel was 2 mm long, while the width of the 25 
10 needle array was 5.2 mm. The center-to-center spacing between individual needles 

was 200 \im. The needle walls were made of electroformed metal and were 

approximately 20 ^m thick. 

The microneedle array was fabricated from electroformed low stress nickel 

sulphamate, gold cyanide, and palladium electroforming solutions. The bath 
15 chemistry and electroplating conditions were selected and precisely controlled to 

allow fonnation of low stress depositions on top of a 3-5 iim sacrificial membrane. 

The surface roughness of the electroplate4 metals was found by Atomic Force 

Microscope (AFM) to be approximately 15 nm, resulting in a relative roughness of 

0.00056. 

20 * It is important to note the structural quality of the needle tips. The inner 

dimensions were approximately 30 x 20 pm^, outer dimensions were approximately 
80 x 60 inn?', and the needle tips were formed with 45'' angles for ease of penetmtioii. 

Example 2 

25 

Individual hollow metallic microneedles were fibricated with multiple output 

ports and had an iimer cross-sectional area of 140 x 21 ^m^ (width by height) with 

outer cross-sectional area dimensions of 200 x 60 ^iia^. The tip dimensions of the 

microneedles were less than 15 x 15 yxr?. The length of the tapered portion of the 
30 needle shaft was 1 nun and the distance from the tip to the first output port was about 
300 |im. The total length of each microneedle was 6 mm, with input port iimer 
dimensions of 140 |im wide and 21 |mi high. The wall thickness of each microneedle 
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was about 20 jun, and the output ports were fonned with dimensions of. 30 lan on 
the top and bottom of the microneedles. The output ports were separated by 30 ^m, 
and flieie were 9 ports on the top and 12 ports on the bottom of each microneedle. 

The microneedles were each packaged into a standard Luer-lock fitting using a 
polymeric medical grade UV-curable adhesive. This interface between a microneedle 
and a syringe included a simple female luer-to-1/16" barb adapter. The UV-curable 
adhesive was found to permanently afBx the microneedle to the interface while 
providing a leak resistant seal. 
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Example 3 

A preliminary experiment was conducted to assay a glucose via glucokinase 
and firefly luciferase reactions. The assay was a homogeneous ATP depletion type 
assay with initial concentrations of glucokinase (80 nano-molar), ATP (10 micro- 
molar), luciferein (100 micro-molar), and firefly luciferase (0.1 nano-molar) in 0.45 
M glycyl glycine buffer at pH 7.8. The results are shown in toe graph of Figure 1 1, 
which plots the normalized luminometer bioluminescence, detected two minutes after 
the r^id mixing of aO reactants, as a fiinction of initial glucose concentration. The 
results suggest that a single step homogmeous assay for glucose can be accomplished 
without initial dilution of the glucose in the saiqple. 

« * 

Example 4 

Figures 12 and 13 are graphs showing the characteristics for a creatine 
biosensor. The graph of Figure 12 plots the normalized bioluminescent signal (in 
relative li^t units) as a fimction of time for several differmt concentrations of 
creatine. The bioluminescent signal had a 560 nm wavelengtii and was measured by a 
luminometer. The final concentrations of creatine shown are within the physiological 
serum creatine concentration range. 

Figure 13 shows the results of an assay experiment for creatine using the 
creatine kinase and firefly luciferase reactions. The creatine assay was a 
homogeneous ATP depledon assay (the creatine kinase reaction competes with tiie 
firefly luciferase reaction for the ATP). The final assay constituents were buffered in 
0.45 mblar glycine-glycine buffer at pH 7.8 and the final assay concentrations were 
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the following: 1.4 jiM ATP , 71 \M Mg^^ 14 \M luciferin, 0.3 jiM luciferase, 60 
IxM creatine kinase, and various concentrations of creatine (0.4S M glycine-glycine 
buffer for control). Relative light units (RLU) measured by the lioninometer are 
dependent on the type of instrument, sensitivity of the instrument, and other factors; 
therefore, the raw biohuninescence signal measured vrasus time was normalized to 
the control peak KLU value. Figure 13 plots the nomialized bioluminescent signal as 
a fiinction of creatine concentration. 
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Example 5 

In order to detemiine the feasibility and the physic&l limitations of using 
bioluminescence for highly sensitive analyte measurement of small sample volumes, 
micro* reaction chambers QiRCs) were &bricated on silicon wafers using KOH 
anisotropic wet etching. An ATP firefly luciferase/ludferin solution was placed in 
the ^RCs and observed through a close up lens with a CCD. The integrated COD 
signal was recorded and compared with well size and depth. The attenuation of the 
CCD signal was also observed for wafers coated with titanium (500A) followed by 
chromium (1500 A). 

A 5-mL firefly luciferase/Iuciferin solution consisted of L25 mg/mL bovine 
serum albumin (Sigma - reconstituted into the solution and used for coating the glass 

20 

vial to prevent denaturing of the lucif«:ase), 1.25 mM ethylene diaminetetra acetic 
. acid (Sigma), 12.5 mM Mg^ (Sigma - fix>m MgS04X 1.84-pM firefly luciferase 
(Promega), and 1.25 mM luciferin (Biosynth) in a 1.25 mM glycyl-glycine buffer. 
This mixture was able to maintain 90% activity for about 20 hours when stored in the 

2j dark. A 5 mM ATP, glycyl-glycine buffer solution was also prepared. A 20 
sample of the firefly luciferase/Iuciferin solution was pipetted into 5 pL of the ATP- 
solution that resulted in a 1.0 mM ATP mixture, saturated with luciferase and 
luciferin (which means the reaction rate was at its peak). After the solution mixed, 20 
|iL of it was pipetted onto an area about 20 x 15 mm wide. A thin glass cover slip 

30 was placed on the solution, starting at one end and tilting the cover slip as it was laid 
down, so that the excess bioluminescent fluid would disperse. For high 
concentrations of ATP (> 8 iiM), the initial mixing of ATP with the 
luciferase/Iuciferin solution causes a peak luminescence within 3 seconds. The 
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^ luminescence then tapers and levels off after 1 minute. ThCTcfore, the Ugbt 
measurements for this experiment were integrated for 20 seconds, 2 minutes after the 
ATP and luciferase/liiciferin solution were mixed, with the light intensity essentially 
constant 

^ An ST6-A CCD camera, ftom Santa Barbara Instruments Group was fitted 

with an Olympus wide-angle lens and close-up ring. The experim«ital substrates 
were focused 55 mm below the lens with the ^exture set at 2.8. The field of view 
was about 20 x 1 5 mm. The camera was operated at -20.00 "C. One minute after the 
ludferase/lucifeiin solution was. added to the ATP, a 10-sec dark field exposure was 
taken with the CCD. At 2 minutes and 5 seconds' after the ATP and 
luciferase/luciferin solution mixed, the CCD integrated a 20 second exposure of the 
bioluminescent reaction while shrouded in a darkroom. The resulting image was 
saved as a TIF file (Range: 0400). Scion Image (based on the NIH image software) 
was used to determine flie average and standard deviation of the pixel values for each 
URC. One pixel ofthe CCD image was equal to 46.875 pm. Actual results failed to 
show light emitting firom the 75, 50, 25, and 10 wide wells on all substrates. 

Figure 14 is a graph of the average CCD counts from the 20 second integrated 
CCD reading as a fimction of different sample volumes. The data was plotted in sets 
for the same viewing area (or jiRC square width). The data was also separated 
according to Ti/Cr reflective substrates and plain, non-reflective substrates. For each 
set of data (wells with same width and coating), the increasmg volume occurs from 
the increased etch depdis of 250. pm, lOOfmi, and 50 pm- The data from the differrat 
etch depths are pointed out for the 750 pm wide wells as an example. The higgler . 
intensity values occurred for the deeper wells. The intensityArolumes slope is greater 
for the Ti/Cr reflective substrates than for the plain substrates. 

Table 1 below sets forth a statistical comparison of the intensity/volume slope 
relationships for reflective vs. non-reflective surfiices of the same viewing window 
size. The reflective wells with intensity/volume slopes that were statistically different 
from the intensity/volume slopes for the non-reflective surfeces (P < 0.05 using the T- 
test) were over two times greater. This follows the hypothesis that Iransmittance is 
nearly doubled for chromium coated (reflectivity = 0.67 @ 560 nm) versus uncoated 
silicon (reflectivity = 0.33 @ 560 nm) pRCs. 
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The T-test used was the student-T test to find if there was a significant 
difference between sample measurements of two groups. The null hypothesis of the 
T-test (for the described experiment of this example) was: there is no difference in the 
intensity/volume slopes for the wells with reflective surfaces and the wells with non- 
reflective surfaces. The value P < 0.05 means tihat diere is. less than a 5% probability 
(P) that the null hypothesis is true. The T*test, if performed properly, is a usefiil tool 
to show that one method or product is significantly different (more efBcient, better, 
etc.) than an existing method or product 



Table 1 



15 



pRC Width (Mm) 


P value fix>m T-test between 

IntensityA^olume Slopes of 
Non-Reflective pRCs and 
Reflective uRCs 


Ratio of XntensityA^olume 
Slopes for Reflective and 

Non-Reflective Substrates 


750 


0.00001 


3.02 


■500 


0.002 


2.37 


400 


0.004 


4.94 


300 


0.005 


5,11 


250 


0.36 


2.87 


200 


0.030 


1.07 


150 


0.72 


0.88 


100 


0.55 


0.21 



20 

The intensity/volume slope also increases as the jiRC square width decreases. 
This implies that using long, narrow microneedles as the ^RC is ideal. Table 2 
statistically compares the intensityA^olume slopes between reflective wells of different 
viewing window sizes,- showing diat there is a significant increase in the . 
25 intensity/volumes slopes, as the |iRC width decreases. The intensity/volume slope 
ratio is the slope for flie smaller window over fiie slope for.tiie next larger window. 
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Table 2 



^RC Square 
Widths Being 
Compared (|Jjn) 


P value from T-test between' 
Lit^isity/Volume Slopes 
(iRCs being compared 


Ratio of btensity/Volume 
Slopes for Smaller fiRC 
Widths Verses Wider {iRC 
Widths 


500/750 


0.004 


1.89 


400/500 


0.04 


1.98 


300/400 


0.28 


1.59 


250/300 


0.89 


1.11 


200/250 


0.81 


1.28 


150/200 


0.91 


. 0.73 
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20 



The increase in intensityA^olume is only significant down to wells that are 400 
\sm wide. For smaller pRC widths (150-300 pm), the non-reflective substrates show 
little conelation between average COD counts and sample volumes (R^< 0.25, where 
R is the reflectivity). The Ti/Cr reflective substrates still show some correlation (R^ > 
0.25 for pRCs 250 jam wide and wider) between intensity and volume. However, as 
the uRC square width decreases (250 pm wide and smallo), there is httle difiference 
in signal intensity values for different etch depths. The error in the signals for wells 
200 fun wide and smaller is large enough to overlap with the background intensity. 
This suggests that the wells with windows smaller than 200 pm wide would not 
produce signals of a discemable intensity, if they are only 250 pm deep. However, 
narrower and deepar pRCs such as microneedles, which hold a larger sample volume, 
would produce a stronger useable signal. 

The present invention may be embodied in other specific forms wittiout. 
departing firom its spirit or essential characteristics. Ihe described embodiments are 
to be considered in all respects only as illustrative and not restrictive. The scope of 
the invention is, therefore, indicated by the appended claims rather than by the 
foregoing description. All changes which come within the meaning and range of 
equivalency of the claims are to be embraced within their scope. 
What is claimed is: 
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1 . An active needle device, comprising: 

a hollow non-silicon elongated shaft defining at least one channel and 
having a proximal end and a distal end; 

at least one input poit at the proximal end of the elongated shaft and at 
least one output port at the distal end, the channel providing communication 
between the at least one input port and the at least one output port; and 
at least one active component in the device. 

2. The needle device of claim . 1 , wherein the elongated shaft is configured 
to form a macroneedle. 

3. The needle device of claim 1, wherein the elongated shaft is configured 
to form a microneedle. 

• ■ * 

4. The needle device of claim 1, wherein the active component comprises 
one or more components selected from the group consisting of electronic components, 
electromechanical components, mechanical components, biochemical components, 
and combinations thereof. 

■ 

5. The needle device of claim 1, wherein the active component is selected 
from the group consisting of a sensor, an actuator, and combinations thereof. 

6. The needle device of claim 5, wherein the sensor comprises a 
biosensor. 

7. The needle device of claim 6, wherein the biosensor is a 
bioluminescence-based biosensor. 

8. The needle device of claim 5, wherein, the actuator comprises a 
micropump or microvalve. 

9. The needle device of claim 1, wherein the active coniponent comprises 

• * * 

an integrated circuit chip. 

10. The needle device of claim 1 , wherein the active component comprises 
an optical detector. 

1 1 . The needle device of claim 1 , wherein the active component comprises 
a transducer component 

12. The needle device of claim 1, i^erein die active component fiiciiitates 
talcing one or more measurements selected from the group consisting of biochemical 
measurements, optical measurements, electrical . measurements, physical 
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1 



measuiementSy and coinbinations thereof 

13. An active microneedle device, comprising: 

a hollow non-silicon elongated shaft defining at least one microchaimel 
and having a proximal end and a distal end; 
^ at least one input port at the proximal end of the elongated shaft and at 

least one ou^ut port at the distal end, the microchannel providing 
communication between the at least one input port and the at least one output 
port; and 

at least one active component located in the elongated shaft. 

14. The microneedle device of claim 13, wherein the elongated shaft has a 

plurality of input ports. 

1 5. The microneedle device of claim 1 3, wherein flie elongated shaft has a 

plurality of output ports. 

16. The microneedle array device of claim 13, wherein the elongated shaft 

^ ^ is supported on a substrate. 

17. The microneedle device of claim 13, wherein the active component 
comprises one or more components selected from the group consisting of electronic 
components, electromechanical components, mechanical con^onents, biochemical 
components, and combinations thereof. 

18. The microneedle device of claun 13, wherom the active component 

comprises a biosensor. 

19. The microneedle device of claim 18, wherein the biosensor is a 

bioluminescence-based biosensor. 

20. The microneedle device of claim 13, wherein the active component 

comprises a transducer component. 

21. The microneedle device of claim 13, wherein the elongated shaft has at 

least one additional microchannel therem. 

22. An active microneedle array device, comprising: 
a substrate having a substantially planar surface; 

30 a plurality of hollow non-silicon microneedles on the planar 

surface of the substrate, each of the microneedles having at least one 
microchannel that provides communication between at least one input 



wo 01/93930 



PCT/USO 1/17838 



10 



33 

port at a proximal end of each of the microneedles and at least one 
output port at an opposite distal end that extends beyond an edge of the 
substrate; and 

at least one active component located in one or more of the 
microneedles. 

23. The microneedle airay device of claim 22, wherein the microneedles 
comprise a two dimensional array. 

24. The microneedle array device of claim 22, wherein the microneedles 
comprise a three dimensional array. 

. 25. The microneedle array device of claim 22, wherein the microchannel 

in each of the microneedles has a cross-sectional area in the range fiom about 25 imfi 

to about 5000 ^un^. 

26. The microneedle array device of claim' 22, wherein the microneedles 
^ ^ are composed of a metal material selected fiom the group consisting of nickel, copper, 

gold, silver, platinum, palladium, titanium, chromium, and alloys or combmations 
thereof. 

27. The inicroneedle array device of claim 22, further comprising a 
coupling channel member that provides fluid conmiunication between the' 
microneedles. 

28. The microneedle array device of claim 22, further comprising a pair of 
structural support memb^ that mechanically interconnect flie microneedles and that 
precisely control penetration depth of the microneedles 

29. The microneedle array device of claim 22, wherein the micronbedles 
have a plurality of input ports. 

30. The microneedle array device of claim 22, wherein the microneedles 
have a plurality of output ports. 

31. The microneedle array device of claim 22, wherein the active 
component comprises one or more components selected fiom the group consisting of 
electronic components, electromechanical components, mechanical components, 
biochemical components, and combinations tfa^eof. 

32. The microneedle array device of claim 22, wherein the active 
component comprises a biosensor. 
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^ 33. The microneedle array device of claim 32, wherein the biosensor is a 

bioluminescence-based biosensor. 

34. The microneedle array device of claim 22, wherein Ae active 

component comprises a transducer component 
^ 35. The microneedle array device of claim 22, wherein each of the 

microneedles have at least one additional microchannel therein. 

36. An active microneedle array device, comprising: 

a plurality of hollow non-siUcon microneedles each having at 
least one microchannel that provides, communication between at least 
10 one input port at a proximal end of each of flie microneedles and at 

least one output port at an oH>osite distal end; 

at least one structural support member that interconnects the 

microneedles; and 

at least one active component located in one or more of the 

1^ microneedles. 

37. The microneedle anay device of claim 36, wherein the microneedles 

comprise a two dimensional array. 

38. The microneedle array device of claim 36, wherein the microneedles 

comprise a three dimensional array. 
20 jijg microneedle array device of claim 36, further comprising a 

coupling chamiel member that provides fluid communication between the 
microneedles. 

40. The microneedle array device of claim 36, whwein flie microneedles 

have a plurality of input ports. 

41. The microneedle array device of claim 36, wherein the microneedles 

have a plurality of output ports. 

42. The microneedle array device of claim 36, wherein the active 
component comprises one or more components selected from the group consisting of 
electronic components, electromechanical components, mechanical components, 
biochemical components, and combinations thereof. 

43. The microneedle anray device of claim 36, wherein the active 
component coiiq)rises a biosensor.' 
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^ 44. The microneedle airay device of claim 43, wherein the biosensor is a 

bioluminescence-based biosensor. 

45. The microneedle array device of claim 36, wherein the active 
component comprises a transducer component 

46. The microneedle axray device of claim 36, wherein each of the 
microneedles has at least one additional microchannel therein. 

47. An active needle airay device, comprising: 

a plurality of hollow non-silicon needles each having at least 
one channel that provides communication between at least one input 
port at a proximal end of each of the needles and at least one output 
port at an opposite distal end; and 

at- least one active cpmponrat located in one or more of the 
needles. 

48. The needle anay device of claim 47, further comprising a coupling 
channel member that provides fluid communication between the needles. 

49. The needle axray device of claim 47, wherein the needles have a 
plurality of input ports. 

50. The needle array device of claim 47, wherein the needles have a 
plurality of output ports. 

51. The needle array device of claim 47, wherem the active component 
comprises one or more components selected from the group consisting of electronic 
components, electromechanical components, mechanical components, biochemical 
components, and combinations thereof. 

52. The needle array device of claim 47, wherein the active component 
comprises a biosensor. 

53. The needle array device of claim 52, wherein the bios^or is a 
bioluminescence-based biosensor. 

54. The needle anay device of claim 47, wherein the active component 
comprises a transducer component. 

OA 

55. The needle anray device of claim 47, wherein each of the needles has at 
least one additional channel therein. 

56. The needle axray device of claim 47, wherein each of the needles is a 



15 



20 



25 



wo 01/93930 



PCT/USOl/17838 



36 

macroneedle. 

57. The needle anay device of claim 47, wherein each of the needles is a 
microneedle. 

58. An active needle device, comprising: 

a hollow silicon elongated shaft defining at least one channel and 
having a proximal end and a distal end; 

at least one input port at the proximal end of the elongated shaft and at 
least one output port at the distal end, the channel providing communication 
between the at least one input port and the at least one output port; and 

at least one active component in tbs device, the active component 
comprising a bioiuminescence*based biosensor. 

59. An active microneedle device, comprising: 

9 

a hollow silicon elongated shaft defining at least one microchannel and 
having a proximal end and a distal end; 

at least one input port at the proximal end of the elongated shaft and at 
least one output port at the distal end, die microchannel providing 
communication between the at least one input port and the at least one output 
por^ and 

at least one active component located in the elongated shaft, the active 
component comprising a bioluminescence-based biosensor. 

60. An active microneedle array device, conq^rising: 
a substrate having a substantially planar surfiice; 

- a plurality of hollow silicon microneedles on the planar surface 
of the substrate, each of the miaoneedles having at least one 
microchannel that provides communication between at least one input 
port at a proximal end of each of the microneedles and at least one 
output port at an opposite distal end that ext^ds beyond an edge of the 
substrate; and 

at least one • active component located in one or more of the 
microneedles, the active component comprising a bioluminescence-based 
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61. An active microQeedle aiiay device, comprisiog: 

a plurality of hollow silicoa microneedles each having at least 
one microchaimel that provides communication between at least one 
input port at a proximal end of each of the microneedles and at least 
one output port at an. opposite distal end; 

at least one structural support member that interconnects the 
microneedles; and 

* 

at least one active component located in one or more of the 
microneedles, the active component. comprising a bioluminescence- 
based biosensor. 
62. An active needle aiiay device, comprising: 

a plurality of hollow silicon needles each having at least one 
channel that provides communication between at least one input port at 
a proximal end of each of the needles and at least one output port at an 
opposite distal end; and 

at least one active component located in one or more of the 
needles, the active component comprising a bioluminescence-based 
biosensor. 

63. The needle device of claim 1, iiirther comprising a reflective surfece in 
the channel. 



64. The needle device of claim 58, further comprising a reflective surface 
in the channel. 

65. The needle device of claim 47, wherein the needles have varying 
lengths. 

25 

66. The -needle device of claim 62, wherein the needles have varying 
lengths. 
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